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We demonstrate stopband modulation in a corrugated parallel plate waveguide (PPWG) in terahertz (THz)
frequency. Different from the traditional approaches to achieve narrow band-pass filter, a method based on
the junction of two stopbands is provided. Two stopbands can come closer through adjustment of plate distance
and controlling the grooves depth, which generate a narrowband transmission region. It is found that plate
distance can control the interval of two stopbands. On optimization of plate distance, the filter can achieve a

range of zero-sideband, high transmissivity (T=99.8%), narrow linewidth (5.8 GHz), and high-quality factor
(Q~220). Furthermore, we also present the designs of tunable filter and modulate performance when liquid
crystal (LC) is used as waveguide material. So, an excellent tunable filtering characteristic has been achieved.
Finally, this work provides a new possibility for the designing of narrow band-pass filter devices.

1. Introduction

The parallel plate waveguide (PPWG) is an effective wavelength
or frequency selection device which can improve the imaging qual-
ity of terahertz (THz) high-resolution imaging. Because the passive
devices can easily couple free-space THz wave and exhibit low trans-
mission loss [1-3]. The bandgap properties of PPWG can be easily
understood. At certain frequency range, the stopband can hinder the
electromagnetic energies or wave vectors to reach the end of the
corrugated PPWG. PPWG has been used in novel optical and electronic
devices, particularly in the field of waveguiding and filtering-based
bandgap properties. Recently, most of the related research is focused
on the band-stop filter which utilizes its structure configuration [4-
6], with resonance dip in THz frequency. In contrast, PPWG geometry
was seldom used to develop a band-pass filter device. Recently, sev-
eral interesting studies were conducted; an experimental study on
narrow band-pass high-contrast frequency filtering has been reported
which incorporates two-dimensional cylinder structures into the metal
PPWG [7]. Moreover, around 1 THz frequency narrow-band terahertz
filter with 2 GHz passband linewidth was proposed, they also intro-
duced point and line defects within periodic structure [8]. All of the
reported work has its own advantage and based on this a similar PPWG
structure has been investigated. However, we report a new method to
achieve narrow band-pass filter, controlling the stopband of THz wave
transmission in PPWG.
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In a PPWG device, multiple transmission modes are possible. The
PPWG can support two kinds of electromagnetic modes: coupled sur-
face plasmon-polariton (SPP) modes [9,10] and conventional waveg-
uide modes [11,12]. The plate distance and grooves depth of PPWG
are important factors that are responsible for the complex mixed modes
of PPWG [13,14]. In addition, strong hybridization and adjustability
of SPP and waveguide mode along with the modifications of these
two factors have been showed [15,16]. The interval of multiple trans-
mission modes forms stopbands (bandgaps), which generally exhibit a
sharp cutoff, a passband lies in the region between two stopbands. One
promising method can perfect the passband, utilizing the modulation of
two stopbands based on the metal PPWG structure. Moreover, this can
be utilized for the construction of a filter with an exceptionally narrow
transmission band. In this work, we investigate stopband characteristics
and the design of a band-pass filter in a corrugated PPWG in THz
frequency. The THz system requires dynamic control of the guided
THz signal. We also discuss the tuning characteristic by controlling the
refractive index of dielectrics inside a longitudinal metal PPWG.

2. Proposed model and characteristics of the conventional spec-
trum

Schematic diagram of the proposed model is given in Fig. 1. In this
model, two thin metal plates with a thickness t are closely placed to
each other which form one PPWG. Silver is used as plate material which
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Fig. 1. Schematic illustration of the simulation structure. The y-dimension is assumed
to be infinite. TM THz wave transmits parallel to the x-dimension.

is a perfect conductor [17] in THz frequency. The low-loss dielectric
material fills as the waveguide, with a refractive index of n and the
distance between inner surfaces of two plates is g. In order to obtain
SPP mode, it is possible to embed various periodic structures, such
as holes, columns, slits, and grooves [18-21]. The embedded periodic
structures are highly sensitive to their geometry characteristics for SPP
propagation [22]. Generally, the inner surfaces of two silver plates are
etched with rectangular grooves with a period of p, which dictates the
cutoff frequency of SPP. The depth and width of the grooves are h and
w, respectively. The existence of stopband in the structure requires the
grooves depth to be of the same order of magnitude as the period. The
number of grooves is m, which affects the steepness of two stopbands.
The duty cycle ratio (r) is ratio of the grating ridge dimension p-w to
the period of grating p. The thickness of two uniform silver plates is
t, where r = 0.5 and + = 1 mm are kept fixed. The typical geome-
try dimensions are markedly smaller than the operation wavelength,
as deduced by considering mode generation. The transverse-magnetic
(TM) linearly polarized pulsed THz wave is normally incident from
the left input port of the device. Where the width of incident THz
wave is equal to the width of input port, and the incident THz wave is
assumed to be 100% coupled to the waveguide and transmitted parallel
to the x-dimension. The proposed structure shows the one-dimensional
periodic characteristic since the presence of corrugated groove arrays
in x direction, the geometric model of the structure simulation can
be simplified to a two-dimensional plane(x-z). Here, y-dimension is
assumed to be infinite.

We are interested in the filter characteristic of 1 THz frequency; so,
the related parameters are optimized for the propositional structure.
With the help of finite element method, it is possible to calculate
electromagnetic transmission properties through the filter in the THz
domain [23]. Here, commercial software COMSOL Multiphysics is used.
The values of different parameters such as g = 80 pm, A = 70 pm,
p =38 pm, m =2, r = 05, and +t = 1 mm. The conventional power
transmission spectrum of the THz wave through the structure is shown
in Fig. 2. As can be analyzed from Fig. 2, two stopbands exist in the
transmission spectrum such as stopband A and stopband B. Stopband
A locates in the low-frequency zone and is ascribed to the bandgap
between SPP and waveguide mode. The SPP mode originates from the
transformation of fundamental mode of waveguide mode in PPWG.
Stopband B belongs to the bandgap of a high order waveguide which
is located in high frequency zone. Sharp saltation occurs at the edge
of two stopbands, during reflection and transmission. One transmission
interval is sandwiched between two stopbands. The two stopbands can
drift accordingly by adjusting the characteristic parameters of structure.
If they meet face to face, then a narrow transmission peak forms at the
border.
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Fig. 2. A conventional power transmission spectrum of a PPWG. The main charac-
teristic parameters are: g = 80 pm, A = 70 pm, p = 80 pym, m = 2, r = 0.5 and
t=1 mm.

3. Stopband modulation analysis and simulation results

As mentioned earlier, the plate distance and grooves depth play
an important role in the stopband drift. In order to understand the
influence of plate distance (g), two stopbands were characterized as
start-cutoff frequency (f,.) and end-cutoff frequency (f..), respectively.
Apart from plate distance, fixed parameters have been used where
h =35pum, p=8 pm, r = 05, ¢t =1mm, m =8, and n = 1.57.
Unlike planar PPWG, both SPP mode and conventional waveguiding
mode can be excited, depending on the plate distance in corrugated
PPWG structure. The plate distance should be restricted in our proposed
model, here its variation range of 20 pm to 120 pm to guarantee the
two modes simultaneously existence in relevant frequency range of 0.2—
2.0 THz. The position of two pairs of cutoff frequencies along with
variation in plate distance is shown in Fig. 3, where A = 35 pm. Analysis
of Fig. 3 concludes that bandwidth of stopband A becomes narrower as
the distance of plate increases. On the other hand, cutoff frequency has
different variation tendency: f, ., shifts to high frequency and becomes
stable with the addition of g. So, it is found that plate distance finitely
affects the interaction and coupling effect of SPP from the top and bot-
tom surfaces of PPWG. In case of stopband B, the bandwidth variation is
similar to stopband A. Both f, .z and f..z monotonously decrease along
with the addition of g, while f, .z becomes stable at low frequency zone.
In addition, the variation tendencies of f,.g, fecp, and fo.o are opposite
to that of f, . This behavior is due to the influence of plate distance
on the waveguide modes. As the plate distance increases, the role of
corrugated groove arrays diminishes, and the structure gradually trends
to the planar PPWG without grooves arrays. The f .y is close to f,p, it
means the stopband B attributes of waveguide mode narrows, when the
plate distance is larger but bounded, the stopband B even disappears
(data not shown in Fig. 3). This trend agrees with conventional planar
PPWG [15]. As discussed earlier, when the plate distance changes in
the range of 20 pm to 120 pm, two stopbands gradually become close,
junctures, and then moves away as plate distance increases. f,.g is
almost tangential to f.., when the critical g value is near to 60 pm.
So, an ultra-narrow passband will emerge under this condition.

The grooves depth can also affect the position of two stopbands. The
position of two pairs of cutoff frequencies along with the variation in
grooves depth, when g = 60 pm, is shown in Fig. 4. In case of f,z and
fecn> they show similar variation tendency as can be seen from Fig. 3.
So, we can say that the influence of grooves depth is similar to the plate
distance in stopband B. However, f,., monotonously decreases along
with the increase of h, which is opposite to that of Fig. 3. Furthermore,
it indicates that the depth of the grooves has opposite effect on the
SPP mode, compared to that of plate distance. In addition, f.., slowly
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Fig. 3. Two pairs of cutoff frequencies as a function of plate distance when 4 = 35 pm
(p =80 pm, r = 0.5, t =1 mm, m = 8, n = 1.57). The black squares mark represents
the start-cutoff frequency of stopband A (f.,); the void squares mark shows end-cutoff
frequency of stopband A (f,.,); the black circles mark shows the start-cutoff frequency
of stopband B (f,g); the void circles mark represents the end-cutoff frequency of
stopband B (f,g)-
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Fig. 4. Two pairs of cutoff frequencies as a function of the grooves depth when
g =60 pm (p =80 pm, r = 0.5, r = 1 mm, m = 8, n = 1.57). The black squares:
fin; void squares: f,.,; black circles: f,.; void circles: f,g.

climbs, followed by junctures with f, g at the summit, and then drops
down with the increase in grooves depth. It is concluded that stopband
junction can be achieved from the adjustment of grooves depth.

The narrow band-pass filter based on a stopband modulation re-
quires the two stopbands to be extremely close to each other, forming
a slit-like shape. Their interval is extremely sensitive to the variation
of grooves depth. The small deviation of grooves depth dramatically
widens the interval. The behavior can result narrow band-pass filter
which is invalid. In contrast, stopband interval slowly changes along
with the variation of plate distance. In case of 10 GHz stopband
interval, the approximate value is in the range of 50 to 65 pm in plate
distance. It indicates that the plate distance has higher tolerances for
the design of quality devices. Furthermore, by comparing Figs. 3 and
4, the variation trend of sideband suppression width (from f ., to f..g)
is different by the adjustments of plate distance and grooves depth.
The width remains almost constant as the grooves depth changes.
Nevertheless, the width will narrow as the plate distance increases.
Given that sideband suppression width is sufficient, the plate distance
more applicable to control the interval of two stopbands.

In order to verify the feasibility of narrow band-pass filter through
stopband modulation, one narrow band-pass filter is demonstrated. The
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Fig. 5. Power transmission spectrum of THz wave through a filter with 62 ym plate
distance and 35 pm grooves depth (p =80 pum, r=0.5, t =1 mm, m = 8, n = 1.57).
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Fig. 6. Power field intensity distributions inside the filter. (a), (b), and (c) illustrate
the power field intensity distributions at 1.0, 1.27, and 1.6 THz, respectively. S: strong,
W: weak.

calculated transmission spectra of a PPWG with an optimized plate
distance g = 62 pm is shown in Fig. 5. The THz wave is hindered
with excellent cutoff feature within the broader THz frequency range
from 0.75 to 1.65 THz. The corresponding energy cannot be transmitted
through the device. However, only a single narrow band transmission
peak with 1.27 THz exists in the wide stopband. This indicates that a
single wave with 1.27 THz frequency can be transmitted and propa-
gated through the device. Transmissivity is 99.8%, and the full width
at half maximum (FWHM) of the passband is 5.8 GHz. Furthermore,
the quality factor (the ratio of center frequency of peak to the FWHM)
is Q »~ 220, and a large range of sideband (900 GHz) equals to zero.
Merely, because the adjustment scale of plate distance is micron order
of magnitude, it needs to be handled carefully in practice, and if there
is a displacement between the grooves, or there is small angle between
the two plate, the spectrum quality of the pass band will be reduced.

Contour profiles of field distributions around PPWG area at different
frequencies are shown in Fig. 6. Fig. 6(b) shows the power field
intensity distribution inside the PPWG at a response frequency of 1.27
THz. Obviously, the incident TM wave evolves into an SPP wave on
the edge of grooves in the PPWG; the SPP wave propagates along the
waveguide with low energy loss and finally revivify into free-space THz
wave, in the output port. The adjacent THz wave with other frequencies
is hindered in PPWG. The reason behind this is, energy reflection or
leakage i.e., the power field intensity distribution of 1.0 and 1.6 THz,
as shown in Fig. 6(a) and (c). Furthermore, two different modes of THz
waves are illustrated.

To analyze the tunable characteristic of frequency signal, we as-
sumed that the waveguide cavity is filled with low loss nematic liquid
crystal (LC) (E7, Merck) due to their relatively large birefringence
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An = n, — n,. The ordinary and extraordinary refractive indices of E7
are 1.57 (n,) and 1.76 (n,), respectively, at around 1 THz [24]. If we
assume a homogeneous alignment of the liquid crystal molecules, then
the frequency shifts are in accord with the low voltage-controlled reori-
entation of the LC. By applying electric field, the frequency response of
transmission spectrum shifts to low frequency such as from 1.27 to 1.13
THz with slightly transmission loss and constant linewidth (see Fig. 7).

The simulated transmission frequency of THz wave through a filter
with different effective refractive index of LC is depicted in Fig. 8,
where a near-linear relationship between response frequency shifts and
the variation of refractive index is shown. The sensitivity of frequency
tuning is given as Af/4n = —0.75 THz/RIU (RIU is the reflective index
unit), where Af is the peak frequency shifts and 4n is refractive index
variation.

4. Conclusion

In summary, adjustments of plate distance and grooves depth, for
the modulation of stopbands have been analyzed. It is found that this
method of adjustment of plate distance is competent for the formation
of narrow single passband. In addition, a high-quality band-pass filter is
obtained at an optimized plate distance. The narrow frequency is selec-
tively transmitted with a high Q-factor. However, the propagation loss
in the proposed PPWG is not considered in the presented simulations
and will be a subject of later studies. We also presented the designs of
a tunable band-pass filter and modulate performance from the struc-
ture, utilizing the LC as an alterable waveguide dielectric. Numerical
analysis showed that the proposed reconfigurable filter structure may
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be useful for the future all-integrated THz systems. Finally, we expect
experimental verification by precisely controlling the plate distance.
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